INTRODUCTION
The presence of antigenic relationships between arboviruses was first demonstrated by Smithburn (1942) . In succeeding years the number of reported cases of cross-reactivity has grown, leading to the formulation of antigenic groups of arboviruses which cross-react in serological tests and thus possess antigenic constituents in common (Casals & Brown, 1954; Casals, 1957) . Recently, the arbovirus nomenclature has changed so that the group A and B arboviruses are now the alpha and flavi viruses of the togavirus group (Andrewes, I97O ) .
Heterologous cross-protection occurs within both the alpha and flavi groups of togaviruses apparently without the production of detectable cross-neutralizing antibody (Hearn, I96I; Casals, I963; Hearn & Rainey, 1963; Price et al. 1967; Cole & McKinney, 1971) . This has been explained by a very rapid anamnestic-like induction of neutralizing antibody by the challenge virus (Casals, 1963; Hearn & Rainey, I963) . In the flavovirus group a specific protective factor separate from antibody and interferon has been postulated (Price et al. I967; Thind & Price, 1968) and more recently, cell mediated immunity has been held to be responsible for passive cross-protection to a heterologous virus in the alpha group (Peck, Brown & Wust, 1975) .
Our experiments were designed to study in vivo the possible interactions between two serologically unrelated togaviruses. Initial inoculations of avirulent strains of the alpha group viruses, Semliki Forest (SF) and Sindbis were made both by the i.c. and i.p. routes in the knowledge that the different routes would produce a range of infectivity levels in the brain without killing the mice. We thus investigated the relationships between the level of infectivity reached in the brain and the final amount of protection which occurred. The challenge by Langat virus from the flavovirus group was administered by the i.c. route since it has been shown that single inoculations of Langat virus by this route produce far higher levels of infectivity in the brain than i.p. inoculations, and IOO ~ mortality. It was, therefore, the most severe challenge we could make. In these experiments attempts were made to assess the role played in cross-protection by interferon, virus interference and any unexpected cross-neutralization in vivo of these two alpha viruses with the flavovirus.
METHODS
Mice. Statistically random bred, barrier-maintained, specific pathogen free mice of either sex of the Swiss A2G strain were used in all the experiments.
Viruses. The following virus strains were used: Alpha virus: Sindbis, strain Gelam, I4th mouse passage; Semliki Forest, strain A7(74)/CI, a clonally selected and purified subpopulation of defined marker characteristics (Bradish, Allner & Maber, 1971) . Flavovirus: Langat, strain TP2I, 8th mouse passage.
Virus stocks consisting of a IO ~ mouse brain suspension in sterile bovine albumin phosphate saline (BAPS) at pH 7"0, or neat cell culture fluid in the case of SF virus were obtained from Dr C. J. Bradish of the Microbiological Research Establishment, Porton, Salisbury. The suspensions were held in 0"5 ml amounts in sealed glass ampoules at -7o °C.
Assay of virus infectivity. All specimens were titrated by diluting IO ~o suspensions in serial tenfold steps, each dilution being inoculated into a group of 5 mice. All specimens containing Langat virus were inoculated i.c., o'o3 ml into 3 to 4 week old mice and those containing SF and Sindbis virus were inoculated i.c., 0.02 ml into g to 4 day old mice. The LDs0 was calculated by the method of Reed & Muench (I938) .
Mouse neutralization test. All sera were heat inactivated at 56 °C for 30 min. The neutralization tests were performed in 2 to 4 day old mice inoculated i.p. with 0-05 ml vol. of mixtures of serum with I, ~o, IOO or IOOO LDs0 of virus. The mixtures were incubated for I h at 37 °C before inoculation. The serum neutralization index was calculated as the logarithm of the overall mixture dilution of the serum sample which produced, in a standard test, a 50 ~ reduction of virus infectivity.
Haemagglutination-inhibition tests. The micro-methods used were described by Sever 0962). Antigens were prepared by the sucrose-acetone method (Clarke & Casals, 1958) and by protamine sulphate-precipitation (Warren et al. 1949) .
Interferon assay. The pH of the supernatant fluid from IO ~ brain homogenates containing 20 ~ foetal bovine serum and antibiotics was brought to pH 2 to 2.2. by adding I N-HC1, and then kept at 4 °C overnight. The pH was then adjusted back to 7.2 with I N-NaOH and filtered. The clarified brain suspensions were then tested for ability to inhibit destruction of L cells by EMC virus.
After washing in PBS, 0.2 ml of the brain supernate diluted i : io, i :30, i : ioo and I : 3oo in maintenance medium was added to the monolayer well cultures prepared in Falcon tissue culture plates. Three wells were used for each dilution. The cultures were incubated at 36 °C overnight, rinsed five times with PBS and infected with lO 2'5 TCDso EMC virus per well, in o.2 ml of maintenance medium. The cultures were then re-incubated at 36 °C and examined 24 and 48 h later for c.p.e.
Each assay included a sample of mouse interferon standard reagent obtained from Dr Friedman at the Medical Research Council, and untreated cells. Results were evaluated by comparing the effect of the brain supernate with that of the mouse interferon standard used in the same test in a series of dilutions containing 300, ioo, 30, io units/ml. When a similar c.p.e, was obtained with a brain supernate solution and with a given dilution of the interferon standard, it was considered that the two had equivalent activity in terms of number of interferon units. 
RESULTS

Effect of Sindbis or Semliki Forest virus infection on a subsequent lethal infection with Langat virus
Groups of thirty mice were inoculated with either Sindbis or SF virus, Io 5"~ to IO s'r suckling mouse (SM) i.c. LDs0 given i.p. (o-r ml) or Io 4"~ to lO 5"3 i.c. The mice were challenged after intervals ranging from I8 to 35 days with Io ~'5 to lO 3.8 LDso of Langat virus administered i.c. This dose was lethal for all the control mice.
Significant protection (P = o.ooI) against i.c. challenge with Langat virus occurred in mice inoculated i.c. with either Sindbis or SF virus prior to challenge. Mice either survived the Langat infection or showed an increase in the average day of death (Table I) . Although there were no survivors in any experiments where SF or Sindbis virus had been given by the i.p. route, a statistically significant shift of t to 2 days in the average day of death was seen. In the case of Sindbis virus this occurred only in mice infected I to 3 days before the lethal i.c. challenge with Langat virus. In the case of SF virus the increase in the average day of death was still present in mice infected 35 days prior to the lethal i.c. challenge with Langat. Tables 2 and 3 give the levels of infectivity of blood and brains taken at daily intervals from two mice individually fitrated. With both viruses the highest levels reached in the brain after i.e. inoculation were significantly higher than those after i.p. inoculation. The possible importance of this is referred to in the discussion. Io'o 3"7 3"4 3"3 3"9 3"9 3"5 9"4 9"9 <~2"7 ~<2'7 4"9 3'5 ~<2"2 ~<2.2 9"4 8"9 ~<2"7 <2-7 <~2.2 3-2 <~2.2 ~<2.2 8.0 8'9 2.2 6:6 7"4 5"9 4"7 <2"7 2-7 3-0 3.0 I <~-7
Duration of detectable viraemia and virus in the brain of mice infected with Sindbis and Semliki Forest viruses
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Development of neutralizing and haemagglutinating antibody
Detectable HA1 (2o HAI units) was present by day 8 after i.c. inoculation and day 9 after i.p. inoculation of SF virus. Titres of 4o to 16o HAI units were recorded on later days. Sindbis virus elicited a poor HAI response, serum samples frequently being negative and never rising above 2o HAI units. Positive HAI results of IO HAI units were first recorded on day IO after i.p. inoculation and day I2 after i.e. inoculation of Sindbis virus.
Neutralizing antibody was detectable in the serum from day 3 with both viruses. The antibodies measured are expressed as loglo neutralization indexes in Table 4 -All sera from mice inoculated with normal mouse brain showed no detectable neutralizing activity. O 3"I * Mice were infected with SF or Sindbis virus and at various times afterwards a Langat virus standard pool was titrated i.c. in these mice. Reduction in log titre of SF or Sindbis-infected mice is shown as compared with log titre in previously uninfected mice.
Cross-reactivity using the neutralization test
Serum from mice inoculated i.c. with SF or Sindbis virus was tested for neutralization of Langat virus. Serum taken 7 days post-infection with Sindbis virus showed neutralizing indices of 0"9 to 2.2 but by day 14 this had fallen to below o.2 to I.O. Serum taken 7 days and 14 days post-infection with SF virus did not show significant neutralization of Langat virus.
Interferon
On days r, 2 and 3 after i.c. infection with Sindbis virus the amount of interferon detected in the brain was 3ooo, Iooo and 300 international units (i.u.)/ml respectively. After i.c. SF virus on the same days 3000, 3000 and IOOO i.u./ml were detected. No interferon activity was detected after day 3.
Langat virus titres attained in brains previously infected with SF or Sindbis virus
Mice infected with Sindbis or SF virus and challenged 7 days later with IO 2"5 i.c. LDs0 of Langat virus showed virus titres of 6"83 + o'96 loglo i.c.LDso/brain (geometric mean titre + s.d.) and 6"7~ +o'74 loglo i.c. LDn0]braln, respectively, when sampled 7 days after the Langat virus infection. Only one mouse in the group of twenty sampled showed signs of sickness. Ten control mice infected with Langat virus alone were all sick or paralysed when sampled 7 days after infection and showed virus titres of 8"60 + o'96 log~o i.c. LDso/brain which was significantly different (P ~< o-ooi) from the group infected with Sindbis or SF virus before Langat virus. 
The lethality of Langat virus in mice previously infected with Sindbis or SF virus
Treatment of survivors of i.c. Langat challenge
Mice surviving the i.c. challenge with Langat were divided into two approx, equal groups on post-inoculation day 2I or 28. One group was given a further i.c. challenge witk IO ~'° LDs0 of Langat virus. All the experimental mice survived whereas control mice used to assay the infective dose and to ensure that a ioo ~ lethal dose had been given died, indicating considerable protection of the experimental mice. The second group was bled for serum to measure for antibodies to Langat and SF or Sindbis virus. In nearly all mice the serum contained antibodies to Langat virus. The HAI fitres ranged from IO to 8o units. Mice inoculated with Sindbis virus prior to challenge with Langat showed an HAI antibody response similar to that in mice inoculated with Sindbis alone. Nearly all mice inoculated with SF virus had positive HAI titres, 20 to 16o HAI units being recorded.
DISCUSSION
The results show that significant protection to heterologous i.c. challenge with Langat virus occurs after a single i.c. injection of SF or Sindbis virus given I day to 5 weeks before challenge. Some protection also occurred after an i.p. infection with these viruses. There are many reports of protection with antigenically related but not identical viruses (Hammon & Sather, 1956; Imam & Hammon, I957; Casals, 1963; Hearn & Rainey, I963; Price et al. 1967; Price & Thind, 1973 )-Hearn & Rainey (I 963) observed short-lived protection against vaccinia virus after the i.p. inoculation of mice with live attenuated VEE virus. They concluded that this was due to interference by virus exclusion. Casals, Buckley & Barry (I973) observed non-specific protection lasting for 2 days in mice following single injections of formalin-inactivated suspensions of mouse brain tissue infected with several arboviruses of different antigenic groups. They felt that this phase might be associated with an interferonlike activity of the serum. In our experiments we would agree that interferon in brain and/or serum may play a part in protection against Langat virus up to 3 days after Sindbis or SF virus but by our techniques interferon was not detectable after this time, though it does not totally exclude its presence. It seems to us more likely that the protection afforded by the alpha viruses is due to interference with the multiplication of Langat virus and is related to the maximum virus titres in the brain reached in the Sindbis and SF virus infection. Our results show that protection occurs when the alpha virus is given either i.p. or i.c. The least protection is given by Sindbis virus i.p. where the brain infectivity only reaches Io 3.7 SM i.c. LDs0/brain. This occurs only during the first three post-inoculation days and therefore the role of interferon cannot be totally excluded. If SF virus is given i.p. the maximum infectivity in the brain reaches lO 8.7 SM i.c. LDso/brain and more protection occurs which lasts at least 35 days. Sindbis virus given i.c. produced a maximum infectivity of lO l° SM i.c. LDs0/brain and in this case very significant protection was produced but still not as great as SF virus i.c. which produced brain infectivity of up to IO l°'s SM i.c. LDs0/brain. It is possible that both these alpha viruses have the same 'target' cells as Langat virus and that the very high levels of infectivity reached after i.c. inoculation numerically involves sufficient cells within the brain to prevent adequate multiplication of Langat virus, and thus not allow the development of lethal encephalitis. The challenge experiments would support this contention in that those mice infected i.c. with the alpha virus 7 days prior to Langat virus challenge resisted an i.c. dose of Langat virus of up to IO 4"°s to lO 4.5 i.c. LDs0/ml. This protection could not be accounted for by the anti-Langat virus activity found in the serum of the Sindbis infected mice by that day. Also no evidence of similar activity in the serum was found in the SF infected mice. In no case was there total protection of a group of mice and it might be reasonable to postulate that the mice which survived challenge or had prolonged average survival times were those which had the highest levels of brain infectivity with SF or Sindbis virus. In a group of mice studied on the same day the levels of brain infectivity may vary by up to IO 4° SM i.c. LD~0]brain.
Although there is no detectable SF or Sindbis virus in the brains 11 days after inoculation, failure to demonstrate virus in these brains does not necessarily mean that virus was not present. The techniques we used of grinding up brain do not lend themselves to measuring small quantities of virus because of the presence of extracellular antibody.
Togaviruses have been found in the brains and other organs of animals at considerable lengths of time after infection (Reeves et al. I958; Price, 1966; Goverdbam & Anderson, I972) and it seems likely that this may be the case with Sindbis and SF virus. It is well known that this latter virus produces chronic neurological changes (Zlotnik, Grant & BatterHatton, 1972) . In our laboratory SF and Sindbis virus have persisted in brain cell cultures taken from the brains of mice which had been infected with these viruses by the i.p. route. High titres of SF virus have persisted for up to 32 days (Precious, Webb & Bowen, 1976) and Sindbis virus for 92 days (L. Hertzberg, personal communication). There are no experiments reported which indicate whether Sindbis and SF viruses interfere with Langat virus in vitro but Sindbis virus in vitro has the capacity to cause interference with heterologous viruses such as vesicular stomatitis virus (Hunt & Marcus, 1974) and Newcastle disease virus (Marcus & Carver, 1967) . Hunt & Marcus (I 974) state that interference in both systems (i) depends upon early expression of the inducing virus genome, (ii) shows similar kinetics of induction and (iii) does not involve interferon action. Weiss & Schlesinger (I973) have shown that Sindbis virus infecting BHK cells may produce a species of RNA (2oS) that is about half the mol. wt. of the major virus mRNA (26S). They describe this as defective interfering Sindbis virus because it prevents the formation of standard Sindbis virus in these cultures. It may be that Sindbis virus which is non-lethal in adult mice even after i.c. inoculation behaves similarly in vivo in brain cells and interferes with the multiplication of Langat virus.
On the evidence presented in this paper we feel that virus interference is the most important factor in protecting the mice from a lethal Langat virus encephalitis.
